The McCollough effect, an orientation-contingent color aftereffect, has been known for over 30 years and, like other aftereffects, has been taken as a means of probing the brain's operations psychophysically. In this paper, we review psychophysical, neuropsychological, and neuroimaging studies of the McCollough effect. Much of the evidence suggests that the McCollough effect depends on neural mechanisms that are located early in the cortical visual pathways, probably in V1. We also review evidence showing that the aftereffect can be induced without conscious perception of the induction patterns. Based on these two lines of evidence, it is argued that our conscious visual experience of the world arises in the cortical visual system beyond V1.
INTRODUCTION
Visual aftereffects are illusions or distortions of perception that are experienced after prolonged viewing of a visual stimulus. One of the classic examples of such illusory perceptions was described over 2000 years ago by Aristotle in his treatise on Dreams-De Somniis in Parva Naturalia. Aristotle notes that ''. . . when persons turn away from looking at objects in motion, e.g., rivers, and especially those which flow very rapidly, they find that the visual stimulations still present themselves, for the things really at rest are then seen as moving . . . '' (McKeon, 1941, p. 621) . Such illusory movement, which is in the opposite direction to that of the original stimulus, is now usually referred to as the motion aftereffect (e.g., Wade, 1994; Anstis, Verstraten, & Mather, 1998) . Other aftereffects, sometimes called figural aftereffects, are based on properties of static patterns, such as their spatial frequency, orientation, or curvature. For example, after viewing a high contrast grating that is tilted slightly to the right of vertical, a grating that is oriented vertically will appear to be tilted slightly to the left of vertical (e.g., Blakemore, 1973) . This aftereffect is called the tilt aftereffect.
Besides being a visual amusement, visual aftereffects have been used to reveal principles of visual functioning. In his book entitled Seeing: Illusion, Brain and Mind, John Frisby referred to aftereffects as the ''psychologist's microelectrode.'' Frisby was drawing attention to the parallel between the use of microelectrodes by neuro-physiologists and the use of aftereffects by psychologists; these methods, although different in many ways, are both used to explore the functional organization of the visual system. Neurophysiologists use microelectrodes to investigate directly the response properties of single neurons in the monkey brain, while perception researchers use aftereffects to infer the coding properties of what are assumed to be the corresponding neurons in the human brain. In the following paper, we will describe how we and others have used visual aftereffects to probe unconscious visual processing.
THE MCCOLLOUGH EFFECT
The aftereffects mentioned above involve only a single stimulus dimension. In 1965, Celeste McCollough discovered an aftereffect that involves two stimulus dimensions-color and contour orientation. To produce the aftereffect, subjects would first be asked to look at two differently colored patterns, for example, black-and-red vertical gratings alternating with black-and-green horizontal gratings. After viewing these patterns for a few minutes, subjects would then be shown test patterns composed of different orientations of black and white gratings. When shown these patterns, subjects typically report seeing desaturated colors on the white sections of vertical and horizontal black and white test gratings. The colors of the aftereffects are approximately complementary to the color in which the pattern was presented during induction. Vertical black and white gratings appear greenish, while horizontal black and white gratings look pink. If, however, the black and white gratings are oriented at 45°, no color aftereffect is seen (see Fig. 1 ).
Subsequent research has shown that contingent aftereffects can be established between a number of visual dimensions, such as, for example, spatial frequency and color, direction of movement and color, texture density and orientation, and texture density and color of the surround. There is a large literature that is concerned not only with the properties of such aftereffects, but also with what they may tell us, at a theoretical level, about the mechanisms of vision (for various proposals and reviews, see Barlow, 1990; Broerse & O'Shea, 1995; Dodwell & Humphrey, 1990; Durgin, 1996; Durgin & Proffitt, 1996; Harris, 1980; Humphrey, 1998; Siegel & Allan, 1993; Skowbo, Timney, Gentry, & Morant, 1975; Stromeyer, 1978) . In this paper, most of our discussion will be devoted to the McCollough effect, the most commonly studied contingent aftereffect. We will present evidence that the McCollough effect depends on neural mechanisms that are located early in the cortical visual pathways. We will also review evidence showing that the aftereffect can be induced without conscious perception of the induction patterns. These two lines of evidence will be used to argue that our conscious visual experience of the world must arise later in the cortical visual system than the site at which the McCollough effect is generated.
The Retinotopic Nature of the McCollough Effect
Considerable evidence suggests that many visual aftereffects, including the McCollough effect, reflect changes in mechanisms at an early or low level in the primary visual pathway. While there is no universal agreement on what is meant by the term ''low level'' in this context, most researchers would accept that structures up to and including the striate cortex (V1) are low-level. In fact, much of the relevant research suggests that the McCollough effect is a low-level phenomenon in this anatomical or physiological sense. As first noted by McCollough (1965) , the hallmark of the effect is its dependence on contour orientation; that is, the dependence of the perceived color on the orientations of the test patterns (and their relation to the orientations of the patterns used during the induction period). Further, this orientation contingency depends on orientation with respect to the retina; there is no ''correction'' for head tilt (e.g., Bedford & Reinke, 1993; Ellis, 1976) . Because neurons in V1 of the visual cortex of cat and monkey are the first to show orientation selectivity, the effect likely involves cortical structures. But, because the effect is not subject to vestibular and/or perceptual correction for head tilt, it is likely that the effect is subserved by orientation sensitive mechanisms at an early stage of visual processing, perhaps as early as V1. It is interesting to note, in this regard, that most orientation-sensitive neurons in V1 appear to be tuned to oriented contours in retinal rather than realworld coordinates.
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The McCollough effect is also fairly specific to retinal location and to the spatial frequency of the subtended retinal image. If the retinal location or spatial frequency is changed between induction and testing, the aftereffect is considerably weakened or absent, depending upon the magnitude of the change (e.g., Harris, 1980; Humphrey, Herbert, Symons, & Kara, 1994; Humphrey, Skowbo, Symons, Herbert, & Grant, 1994; Lovegrove & Over, 1972; Stromeyer, 1972a,b) . In short, the McCollough effect does not show translational invariance or size constancy. Because cells in V1 have smaller receptive fields than those at subsequent stages of processing and, as a consequence, code more locally than cells further on in the visual system (e.g., Buser and FIG. 1. An illustration of typical induction and testing conditions for the McCollough effect. Subjects would view the vertical red-and-black grating alternating with the horizontal green-and-black grating for a few minutes. After such induction, black and white vertical gratings would appear green and horizontal gratings would appear pink (as in the simulated aftereffect shown in the lower left of the figure). Black and white oblique test gratings, as in the lower right of the figure, would not appear colored.
FIG. 2.
The left panel shows an example of oblique discrimination trials in the four-alternative discrimination task used by Humphrey, Gurnsey, and Fekete (1991) and Humphrey, Goodale and Gurnsey (1991) . The right panel shows a simulated aftereffect to illustrate how simple the discrimination is after McCollough effect induction.
FIG.
3. An example of the displays in the visual search task used by Humphrey, Gurnsey, and Fekete (1991) . The task was to search for a ''target'' item among varying numbers of ''distractors.'' In this case, the target was composed of an outer square that contained a black and white, right oblique grating and an inner square containing a left oblique grating. The distractor items had the left oblique grating on the outside and the right oblique grating on the inside. Before McCollough induction, the task was difficult (search slopes for target present trials were, on average, 107 ms/item). After McCollough induction, the task became much easier (average search slopes were 4 ms/item for trials in which the target was present), as is evident in the simulated McCollough effect on the right of the figure.
Imbert, 1992), these cells are prime candidates for the neuronal substrate of this aftereffect. In sum, the spatial characteristics of the McCollough effect reflect the projection of the stimulus on the retina and not on how the stimulus might be perceived in the real world.
Research has also shown that the wavelength of the induction patterns, and not their perceived color, determines the aftereffect hue (Thompson & Latchford, 1986) . Again, some research suggests that color sensitive cells in V1 respond to the wavelength characteristics of a stimulus, while cells further along in the visual system, such as many of those in V4, respond to more complex aspects of a color display and appear to be associated with color constancies (Zeki, 1993) . McCollough (1965) and many others (e.g., Murch, 1972; Humphrey, Gurnsey, & Bryden, 1994; Savoy, 1984) have reported that the effect does not transfer from one eye to the other under typical conditions for assessing interocular transfer. By typical conditions we mean that the adapting stimuli are presented to one eye while the other eye is covered or is presented with unpatterned input. Under these induction conditions, the aftereffect is seen when test patterns are presented to the adapted eye but not when they are presented to the unadapted eye. In not showing interocular transfer, the McCollough effect is unusual. Figural and motion aftereffects typically show substantial interocular transfer (e.g., Blake, Overton, & Lema-Stern, 1981 , Moulden, 1980 . The presence of interocular transfer is often used as evidence that the mechanisms underlying the aftereffect are cortical in origin, since neurons sensitive to input from the two eyes are first seen in V1. The lack of interocular transfer of the McCollough effect suggests several possibilities. It could be the case that the effect arises at a site that precedes the emergence of binocular units, such as the first stages of processing in V1, before binocular cells are encountered, or even earlier. Or, alternatively, it could be the case that the effect is mediated by mechanisms in V1 or beyond where many cells are binocular but it fails to show interocular transfer because one component of the effect, that involving color, may be largely monocular (Savoy, 1984) .
Despite the absence of interocular transfer, a ''binocular'' McCollough effect can be demonstrated under certain induction conditions (Seaber & Lockhead, 1989; Vidyasagar, 1976) . For example, subjects might be induced with red-and-black vertical and green-and-black horizontal gratings with both eyes open. Alternating with this binocular adaptation, each eye is also separately induced with the opposite color and orientation contingency-green-and-black vertical and red-and-black horizontal gratings. After this complicated induction regime, subjects report a ''monocular'' McCollough effect when they view test patterns with a single eye; for example, a vertical black and white grating appears pink. But when they view the same test pattern with both eyes open they report a binocular aftereffect, in which the vertical test pattern now appears greenish.
One would expect that this purely binocular effect would depend on the presence of binocular cells. An experiment by Seaber and Lockhead (1989) provides some evidence for this. They studied both normal and strabismic 3 subjects using the same induction regime described above and found that, although normal subjects reported both the monocular and binocular aftereffects, strabismic subjects reported only the monocular aftereffects. This result suggests then that the binocular McCollough effect depends on binocular neurons, presumably drastically reduced in number in the strabismic subjects Collectively these results suggest that the McCollough effect depends on cortical mechanisms at an early stage in the primary visual pathways. The fact that the effect seems to depend on the wavelength characteristics of the input suggests that the adaptation involves early color coding mechanisms. In addition, the retinotopic nature of the effect suggests that it occurs at an early site in visual processing where the neurons have small receptive fields. Although these results point to an early site, other results suggest that this site is cortical. In particular, the orientation specificity of the aftereffect and the fact that one can induce binocular McCollough effects both implicate cortical mechanisms. In sum, the evidence supports the view that the McCollough effect reflects an adaptation of mechanisms at an early stage of cortical visual processing, perhaps as early as V1.
Visual Form Agnosia and the McCollough Effect
Another way to attack the question of the neural substrates of the McCollough effect is to study individuals who have sustained damage to particular visual pathways. Moreover, by studying the perceptual reports of such people, we can gain insight into the role of conscious perception in the mediation of this aftereffect. One might suspect, given the suggestion that early, rather than late, visual mechanisms are involved, that conscious perception might not be necessary to induce the McCollough effect. To this end, we examined the McCollough effect in several individuals who have profound deficits in form and orientation perception. All of these people suffered brain damage from an anoxic episode (lack of oxygen to the brain). Such damage often leads to what some neurologists have called ''apperceptive agnosia,'' in which elementary visual functions and general cognitive ability are quite intact, but visual form discrimination and recognition are dramatically impaired (Lissauer, 1890) . This deficit is sometimes called ''visual form agnosia,'' a term which emphasizes the selective loss of visual form perception (Benson & Greenberg, 1969 ; for review, see Farah, 1990) . In fact, in many cases, but perhaps particularly with individuals whose anoxic episode occurred as a result of carbon monoxide poisoning, there is substantial sparing of color vision relative to form perception (e.g., Adler, 1950; Campion, 1987; Efron, 1968; Milner & Heywood, 1989; Vecera & Gilds, 1997) . The pattern of brain damage in these cases is diffuse but tends to be greatest in the occipital lobe, but with relatively less damage in V1 than in extrastriate areas.
The first person that we studied, D.F., showed the typical pattern of diffuse brain damage from anoxia as a result of carbon monoxide poisoning. Nevertheless, the damage was most evident in the posterior regions of the brain, although even here, it was confined mainly to the ventrolateral regions of the occipital cortex, sparthis loss of binocular function is related to a reduction in the number of cells in the cortex that can be activated by both eyes (e.g., Hubel & Wiesel, 1965). ing V1. D.F. has a profound impairment in visual form and orientation perception (Goodale, Milner, Jakobson, & Carey, 1991; Humphrey, Goodale, Jakobson, & Servos, 1994; Milner, Perrett, Johnston, Benson, Jordan, Heeley, Bettucci, Mortara, Mutani, Terazzi, & Davidson, 1991; Servos, Goodale, & Humphrey, 1993) . She is unable to discriminate between such simple geometric forms as a triangle and a circle, let alone recognize the faces of her relatives and friends or the visual shapes of common objects. D.F. has no difficulty identifying people from their voices and she has no problem identifying objects placed in her hands. Her perceptual problems are exclusively visual and are largely restricted to the form of objects. Her color vision is close to normal (Milner & Heywood, 1989) . Moreover, she can use color and other surface features to identify objects (Humphrey, Goodale, Jakobson, & Servos, 1994; Servos et al., 1993) and, to some extent, she can even use shape from shading (Humphrey, Symons, Herbert, & Goodale, 1996) which may rely on low-level mechanisms (Humphrey, Goodale, Bowen, Gati, Vilis, Rutt, Menon, 1997) . What she seems unable to perceive are the contours of objects-no matter how the contours are defined .
D.F.'s performance on various clinical and psychophysical tests has demonstrated that the profound deficit in her form perception cannot be explained by disturbances in low-level sensory processing . But the most compelling reason to doubt that her perceptual deficit is due to some sort of low-level disturbance in processing is the fact that, in another domain, visuomotor control, she remains exquisitely sensitive to the form of objects. For example, when presented with a large slot which could be placed in one of a number of different orientations, D.F. showed great difficulty in indicating the orientation of the slot either verbally or even manually by rotating a handheld card. Nevertheless, when she was asked simply to reach out and insert a card into the slot, she performed as well as normal subjects, rotating her hand in the appropriate direction as soon as she began the movement Goodale et al., 1991) . In other tests, even though D.F. could not discriminate between target objects that differed in outline shape, she could nevertheless pick up such objects successfully, placing her index finger and thumb on stable grasp points (Goodale, Meenan, Bülthoff, Nicolle, Murphy, & Racicot, 1994) . D.F. has a severe problem, then, in her perceptual experience of form; indeed, she appears to have lost all conscious perception of this visual attribute. Nevertheless, she is able to use the orientation and shape of objects to guide skilled movements, such as grasping. This result, together with a wealth of supporting data in the monkey, has been used by Goodale, Milner, and their colleagues (e.g., Goodale & Milner, 1992; Milner & Goodale, 1995; Goodale & Humphrey, 1998) to develop an account of the division of labor between the well-known dorsal and ventral visual projections from V1. According to their account, the ventral stream of projections to inferotemporal cortex mediates the visual perception of objects, providing a foundation for visual cognition. It is the ventral stream that delivers our conscious visual experience of the world. In contrast, the dorsal stream of projections to posterior parietal cortex mediates the visual control of skilled actions directed at objects. This stream converts incoming visual information into the required coordinates for action-coordinates that are specific for the particular effector that is used. The visual processing in this stream is more ''automatic'' and is less accessible to consciousness. In D.F.'s case, the processing of form and shape by the ventral ''perception'' stream has been severely compromised, while the processing of similar information by the dorsal ''action'' stream remains intact.
The lack of visual awareness of contour orientation, but relatively preserved color vision, in D.F. makes for an interesting experiment on the McCollough effect. If the McCollough effect depends on the adaptation of neural mechanisms that directly support ''seeing'' the orientation of the inducing stimuli, then one might not expect D.F. to experience the aftereffect. On the other hand, it is possible that the neural mechanisms mediating the effect-possibly in V1-are not available to conscious perception and that, despite D.F.'s inability to see different contour orientations, she still would experience the McCollough effect. To test for the McCollough effect in D.F., we used a task that we have used in studies of normal subjects as well (Humphrey, Gurnsey, & Fekete, 1991) . In this task, which is illustrated in Fig. 2 , subjects were required to discriminate a briefly presented monochromatic patch of squarewave grating oriented at 45°from three others oriented at 135°(and vice versa). On other trials, subjects also were asked to discriminate between horizontal and vertical gratings. Subjects performed the task before and after McCollough effect induction. Before induction, normal subjects found it especially difficult to discriminate between the obliques, particularly at short exposure durations. This result would be expected, given the many results showing difficulties in the perception of oblique orientations (e.g., Appelle, 1972; Essock, 1980) . After induction with colored oblique gratings, however, performance was strikingly better, suggesting that the color aftereffect functioned as a physically present color difference even at exposure durations as short as 67 ms. In other words, the color aftereffect permitted the stimulus that differed from the three others to ''pop out'' of the display even at these brief exposure durations (see Fig. 2 ).
We examined D.F.'s performance on the task described above, although at longer exposure durations than used in the research with normal subjects . Before induction, not only did she perform at a chance level in discriminating between 45°and 135°oblique gratings, but she also failed to discriminate horizontal and vertical gratings, a task that was trivial for normal subjects at these durations. After induction with one oblique grating in red and the other in green, her performance improved markedly, but only for the oblique gratings. She now performed the oblique discrimination trials by relying on the difference in aftereffect colors. In contrast, her performance on the horizontal-vertical discriminations remained at a chance level.
D.F. then experienced an orientation-contingent color aftereffect-the McCollough effect-even though she had no conscious awareness of the orientation of the induction or test patterns. Given the pattern of brain damage in D.F., this result is consistent with the hypothesis that the McCollough effect reflects an adaptation of early visual mechanisms, maybe as early as V1, which are relatively spared in D.F. There are other possibilities, however. It must be remembered that, despite D.F.'s profound deficit in form and orientation perception, she is able to orient her hand appropriately in anticipation of grasping the same objects that she cannot discriminate perceptually Milner & Goodale, 1995) . This suggests that information about orientation and form, while inaccessible to perceptual awareness, can be used for the control of skilled actions. It is possible, then, that the coding of orientation for the McCollough effect is carried out by the same cortical mechanisms in the dorsal stream that are presumably mediating her spared visuomotor control. What is needed is a demonstration that the McCollough effect can occur in an individual with extrastriate damage that prevents any processing of form that might be left in V1 from reaching those higher cortical areas mediating the visual control of action.
To address these issues, we studied the McCollough effect in a second individual (Humphrey, Goodale, Corbetta, & Aglioti, 1995) . This person, P.B., suffered extensive brain damage as a result of cardiac arrest due to an accidental electrocution. MRI scans show a diffuse brain atrophy, particularly in the parieto-occipital cortex. Like D.F., P.B. shows a profound insensitivity to visual form and is unable to recognize the simplest of geometrical shapes. P.B., also like D.F., shows remarkably intact color perception. But P.B. is different from D.F. in one important way; he shows none of the spared visuomotor abilities that are so evident in D.F. In other words, P.B.'s deficit in form processing extends to both perceptual judgments and visuomotor control. Thus, we were able to use P.B. to test the possibility that the McCollough effect seen in D.F. was mediated by the apparently intact dorsal ''action'' stream. Indeed, if P.B. were to show the McCollough effect, then this would be additional support for the proposal that the requisite interaction between color and form takes place in early vision, possibly in V1.
Despite the fact that P.B. is essentially blind for form, he nevertheless showed evidence for an orientation-contingent color aftereffect. Although he required a relatively long induction period to show the McCollough effect, the fact that he showed it at all suggests that, whatever underlies this phenomenon, it does not require any conscious perception of form-or even form processing for action.
In addition to D.F. and P.B., we have also examined the McCollough effect in two other individuals with visual form agnosia. Both of these people, like D.F. and P.B., developed profound impairments in form and orientation perception following an anoxic event but, again, like D.F. and P.B., still perceive color. Although we did not study their performance as extensively as we did that of D.F. and P.B., we were able to demonstrate that both individuals could experience the McCollough effect.
In sum, the performance of the individuals with visual form agnosia shows clearly that the conscious perception of contour orientation is not necessary for induction of the McCollough effect. Whatever the population of neurons might be that is adapted in these people, that population by itself does not support the perception of form. This population, however, must in some way code orientation. Given the relative sparing of V1 in these individuals, and given that V1 is the first place where orientation-sensitive cells can be recorded in the retinocortical pathway, the results are consistent with the proposal that V1 is the site which normally mediates the McCollough effect.
The results of a study by Savoy and Gabrieli (1991) of patients with Alzheimer's disease are also consistent with an early locus for the generation of the McCollough effect. The patients showed a normal McCollough effect after 5 minutes of induction and retained the effect for at least one hour. Anatomical studies of patients with Alzheimer's disease have suggested that V1 of the visual cortex is spared relative to extrastriate visual areas (Lewis, Campbell, Terry, & Morrison, 1987) 
Binocular Rivalry and the McCollough Effect
The research with the individuals with visual form agnosia shows that conscious perception of form is not required to induce or, indeed, to experience the McCollough effect. But what about normal subjects? Can the McCollough effect be induced even when subjects are unaware of the inducing stimuli? One way to address this issue is to take advantage of a phenomenon called binocular rivalry. Binocular rivalry is produced when two very different images are presented to the two eyes and the two images cannot be fused into a single percept. In this situation, one usually sees the image presented to one eye alternating with the image presented to the other eye. It appears that the input from one eye is ''suppressed'' when the input to the other is perceived. It is the suppression that occurs in binocular rivalry that provides the opportunity to examine whether or not awareness of the inducing stimuli is necessary for the induction of the McCollough effect.
White, Petry, Riggs, and Miller (1978;  Experiment 1) examined whether the magnitude of the McCollough effect was dependent on the length of time the inducing patterns were actually present on the retina or on the amount of time that the induction patterns were perceived. In one condition, White and his colleagues presented the induction patterns to one eye and a black and white checkerboard-like pattern to the other eye. In this ''rivalrous'' condition, the induction patterns were not seen, at least for a large part of the induction period, because of suppression by the highly salient checkerboard-like pattern presented to the other eye. In their nonrivalrous condition, the induction patterns were almost always perceived because a nonsalient homogeneous stimulus was presented to the other eye. Nevertheless, the McCollough effects in the rivalrous condition were of the same strength as those obtained in nonrivalrous conditions. Such a result suggests that much of the adaptation was taking place without the subject's conscious awareness of the adapting patterns. This lack of dependence on perceptual awareness also characterizes many other aftereffects, as well. Thus, binocular rivalry does not interfere with the production of simple aftereffects, such as the linear motion aftereffect (Lehmkuhle & Fox, 1975; O'Shea & Crassini, 1981) , 4 the tilt aftereffect (Wade & Wenderoth, 1978) , and spatial frequency adaptation (Blake & Fox, 1974) . In fact, for all of these aftereffects, it is the amount of time the inducing stimuli are present on the retina and not the amount of time they are perceived that determines the strength of the aftereffect.
The fact that the strength of the McCollough effect and other aftereffects is not diminished during binocular rivalry means that the mechanisms underlying these aftereffects reside at a site in the visual pathway that may precede, or is at least independent of the site of binocular rivalry. Although some older research on binocular ri-valry suggested that it occurred at a relatively early locus in the retinocortical pathway, recent research suggests otherwise (Andrews & Purves, 1997; Kovacs, Papathomas, Yang, & Fehér, 1996; Logothetis, Leopold, & Sheinberg, 1996; Logothetis & Schall, 1989; Sheinberg & Logothetis, 1997;  for discussion, see Crick, 1996; Sengpeil, 1997) . In a particularly elegant set of experiments, Logothetis and his colleagues have correlated the activity of neurons in the cortical visual pathway with monkeys' perception of stimuli in a binocular rivalry paradigm. In their experiments, the monkeys were presented with different images to the two eyes and were trained to indicate which of the two images was dominant at any given moment. Using this behavioral method and simultaneously recording from different visual areas in cortex, Logothetis and his colleagues found that the activity of fewer than 20% of the cells in early visual areas such as V1 and V2 was correlated with the monkeys' reports of their percepts. In higher-order visual areas, the number of cells whose activity correlated with the monkeys' reports increased to around 40% in V4 and to about 90% in inferotemporal cortex. These results, coupled with the fact that binocular rivalry does not affect the strength of the McCollough effect, provide additional support for the suggestion that the mechanisms that mediate this aftereffect occurs earlier, rather than later, in the cortical visual pathway. Again, the evidence suggests that V1 might be the critical site.
Attention and the McCollough Effect
Some researchers divide visual processes operationally into ''high-level'' and ''low-level'' stages-based, to some extent, on the role of focal attention in tasks where these two different processes are thought to operate (for review and critical discussion, see Wolfe, in press). In particular, it has been suggested that ''feature search'' tasks are those which can be carried out in parallel and do not require focal attention (e.g., Treisman, 1988) or that can operate at very brief presentations (e.g., Julesz, 1984) . Detecting a green disc among red discs would be an example of a feature search task, requiring only low-level processing. ''Conjunction search'' tasks involve searching for targets defined by a conjunction of properties. Searching for a green square among red squares, red discs, and green discs is an example of a conjunction search task. Such search is slower and serial in nature and requires focal attention [but see Mack & Rock (1998) and Nakayama & Joseph (in press) for different interpretations of such findings].
The low-level processes, frequently investigated in psychophysical studies, are often thought to reflect the activity of early visual areas. In contrast, high-level processes have been associated with activity in extrastriate regions, such as V4 and beyond. Certainly, many neurophysiological studies with primates have shown that response properties of cells in V1 are not generally modulated by attentional manipulations, while those at higher levels, such as in V4 and inferotemporal cortex, can be readily modulated by attentional demands (e.g., Desimone & Duncan, 1995) . If the McCollough effect results from adaptation of low-level mechanisms, one might expect that attentional manipulations would have little or no effect on it.
Houck and Hoffman (1986) examined whether attentional manipulations during induction affected the strength of the McCollough effect. They showed that, even when attention was devoted to a task that would shift attention away from the induc-ing patterns during the induction period, the aftereffects were similar in strength to those found when attention was focused on the inducing patterns. 5 The results of Houck and Hoffman (1986) demonstrate that attention to the adapting patterns is not necessary for induction of the McCollough effect. It has also been suggested that attention is not required for the perception of the McCollough either. Thompson and Travis (1989) , following earlier studies by Mayhew and Frisby (1978) , showed that it took subjects several seconds to discriminate two textures, each composed of overlaid gratings with different orientations. If, however, the subjects were first exposed to an induction period in which each of the textures was colored red or green, respectively, then, after such induction, the two textures could be discriminated much more quickly. Hence, it could be argued that the McCollough effect emerges preattentively, prior to the (attentive) detection of the involved orientations, since to see the aftereffect colors the orientation of the oriented gratings would have to have been detected. found results similar to those of Thompson and Travis (1989) using visual search tasks. They investigated whether aftereffect colors could act like a simple ''feature'' in a visual search task. As mentioned earlier, in these tasks, the time it takes to detect a ''target'' item is independent of the number of background or ''distractor'' items (e.g., Treisman, 1988) . This result suggests that simple features can be detected in parallel without focal attention. The targets and distractors consisted of two concentric square regions in which, for the target, the outer square contained a black and white, right oblique grating and the inner square contained a left oblique grating (see Fig. 3 ). The distractor items had the left oblique grating on the outside and the right oblique grating on the inside. Like the stimuli used by Thompson and Travis (1989) , these displays were very difficult to discriminate before McCollough effect induction. Without McCollough induction, the time taken to detect a target among distractors increased substantially as the number of distractors increased. After induction, however, detection time was essentially independent of the number of distractors because the color difference between the target and distractors ''popped out'' (see Fig. 3 ). The subjects had rapid and effortless access to the aftereffect colors and did not have to attend to any particular region or item in the displays to ''bind'' the colors to the patterns.
In summary, the studies on attention, and those described earlier that used binocular rivalry, are consistent with the hypothesis that the McCollough effect results from adaptation of low-level visual mechanisms. Attending to the patterns is not necessary for induction or perception of the McCollough effect. In short, one need have any conscious perception of the stimuli that subsequently evoke a striking visual aftereffect.
V1 May Be Necessary but Not Sufficient for the McCollough Effect
Up to this point, we have been making the case that the McCollough effect is mediated by mechanisms in V1. Evidence from a number of different lines of research all point to an early site for generation of the McCollough effect. Nevertheless, even though modification of the mechanisms in V1 may be the critical factor in the production of the McCollough effect, other structures may be essential for the conscious perception of the colors invoked by the oriented contours.
We recently had a chance to explore the role of structures beyond V1 in the generation of McCollough effect in an individual (B.K.), who suffered a right occipital stroke that spared V1 but damaged adjacent extrastriate areas. B.K., an eminent neuropsychologist, has described his own case in a fascinating paper (Kolb, 1990) . Perimetric testing shows that B.K. has a scotoma of about 6°along the vertical midline and about 15°lateral along the horizontal midline in the upper left visual field. The area beyond this zone of ''blindness'' in the upper left quadrant has reduced vision, in the sense that there is still an inability to perceive dim lights in this area. Recent magnetic resonance imaging of B.K.'s brain shows that most of his damage appears to be in areas V2/VP (where VP refers to ventral area V3) and that he suffered relatively little or no damage to V1. Also, because his scotoma shows a sharp cut at the horizontal meridian, it is likely to be restricted to areas V2/VP (Horton & Hoyt, 1991; Tootell, Hadjikhani, Mendola, Marrett, & Dale, 1998) .
Despite this damage, B.K. can still perceive motion and color in his scotoma, but cannot see form within the scotoma (for further discussion, see Kolb, 1990) . His motion perception could be mediated by pathways from V1 to MT/V5 and/or from subcortical structures to MT/V5 (ffytche, Guy, & Zeki, 1995; Gross, 1991) . Accounting for B.K.'s color phenomenology in his scotoma is perhaps more problematic. There could be input from V1 directly to extrastriate areas involved in color processing. There is evidence in the macaque monkey for a V4 input from the central representation in V1 (Zeki, 1993; see also Felleman & Van Essen, 1991) , although the most prominent input to V4 is from V2. B.K., then, offered a unique opportunity to test the McCollough effect within his scotoma and to compare the results with similar testing in a comparable area within his normal visual field. It is interesting to note that, when we first discussed this experiment with B.K., he thought he would experience the McCollough effect in his scotoma because he perceives color there and because, after staring at colored patches that fall in his scotoma, he experiences appropriately colored afterimages. We also tested D.F., one of the people with visual form agnosia, using the same stimulus conditions that we used with B.K. Both D.F. and B.K. first performed several pretest tasks of color and orientation discrimination. In one color identification task, desaturated colors were presented on an oblique grating. Desaturated colors were used in an attempt to mimic the desaturated colors of the McCollough effect. The gratings were either pink-and-black or green-and-black. The gratings were presented briefly one at a time and the task was to identify the color of each grating. There were also orientation identification tasks. For example, D.F. and B.K. were asked to identify the orientations of left and right oblique grating patches that were presented briefly in the same location in the left or the right visual field. The stimuli were constructed to fall in B.K.'s scotoma in the left field and at a mirror-symmetric location in the right visual field. These same locations were used for testing D.F.
As shown in Fig. 4 , both D.F. and B.K. were excellent at identifying colors in both visual fields. D.F. could not identify the orientation of oblique gratings at better than a chance level in either visual field. B.K. could identify the obliques in his right visual field, but was at chance when the patterns were presented within his scotoma.
The pretesting, then, showed that D.F. and B.K. could clearly identify the colors of oblique gratings, even when that color was desaturated-as would be the case for the colors normally experienced in the McCollough effect. This was true even when the colored test stimuli were presented in B.K.'s scotoma. Nevertheless, neither D.F. nor B.K., when the stimuli were presented in his scotoma, could identify the orientation of the oblique gratings. After completing these pretests, D.F. and B.K. were adapted for 25 minutes to alternating oblique gratings in red and green. 6 The induction patterns extended well beyond B.K.'s scotoma into his upper, lower, left, and right fields. After induction, black and white oblique gratings were presented again, as in the pretest orientation identification task. Now, however, this task was actually the McCollough task and, unlike the pretest, the subjects were instructed to report the perceived color of the two patterns. That is, they were asked to indicate whether the gratings, which normally would evoke the McCollough effect, looked pink or green. On this task, D.F. performed well in both fields, as she had in the earlier studies, and reported appropriate aftereffect colors (see Fig. 4 ). As expected, B.K. reported appropriate aftereffect colors reliably in his right undamaged field. In his scotoma, however, he did not see any aftereffect colors and so his reporting of such colors was at chance (see Fig. 4 ). We began this section by proposing that, even though modification of the mechanisms in V1 may be the critical factor in the production of the McCollough effect, other structures may be essential for the conscious perception of the colors invoked by the oriented contours. Our study with B.K., who has little or no damage to V1 but significant damage to adjacent extrastriate areas, suggests that this may be true. He showed no evidence of experiencing the McCollough effect in his scotoma. There is a puzzle remaining to be answered, however. Despite the fact that B.K. does not experience the McCollough effect in his scotoma, he can see colors in this region of his visual field and even reports experiencing simple color afterimages. This paradox may be resolved as we learn more about the different projections carrying wavelength information from the eye to the cortex.
A Neuroimaging Study of the McCollough Effect
To help localize the cortical visual structures that may be directly involved in the McCollough effect, we recently conducted a functional magnetic resonance imaging (fMRI) study of the McCollough effect (James, Humphrey, Gati, Menon, & Goodale, 1998) . Although the evidence reviewed earlier is consistent with the proposal that adaptation of mechanisms in V1 may underlie the McCollough effect, the research with B.K. suggests that the experience of the aftereffect likely involves extrastriate areas. Indeed, the perception of color in humans has been associated with activity in extrastriate regions as well as in V1. Both neuropsychological (Kennard, Lawden, Morland, & Ruddock, 1995; Meadows, 1974; Zeki, 1990) and neuroimaging studies (Guylás, Heywood, Popplewell, Roland, & Cowey, 1994; Kleinschmidt, Lee, Requart, & Frahm, 1996; McKeefry & Zeki, 1997; Sakai, Watanabe, Onodera, Uchida, Kato, Yamamoto, Koizumi, & Miyashita, 1995; Wandell, Baseler, Poirson, Boynton, & Engel, in press; Zeki, Watson, Lueck, Friston, Kennard, & Frackowiak, 1991) have suggested that neural circuitry in the lingual and fusiform gyri in the ventromedial occipital cortex is involved in the perception of color in humans. Also, some neuroimaging studies have shown activity in areas V1/V2 (Engel, Zhang, & Wandell, 1997; Kleinschmidt et al., 1996; McKeefry & Zeki, 1997; Wandell et al., in press ), in addition to extrastriate regions, when subjects view colored stimuli. Perhaps more important, a recent fMRI study has shown that the perception of simple colored afterimages (where no contingencies were involved) was associated with activation of the posterior fusiform gyrus (Sakai et al., 1995) . To examine the relation-ship between the McCollough effect and cortical activity, we used high resolution fMRI to measure the blood oxygen level-dependent or BOLD response (Ogawa, Tank, Menon, Ellermann, Kim, Merkle, & Ugurbil, 1992) after McCollough adaptation. To set up our experimental and control conditions, we took advantage of the fact that the McCollough effect is tuned to the orientation of the inducing stimuli, such that test stimuli oriented 45°from the inducing stimuli do not evoke the aftereffect. In various conditions, subjects were presented with ''congruent'' test patterns that had the same orientations as the inducing stimuli and thus would evoke the McCollough effect, and with ''noncongruent'' test patterns that were oriented 45°f rom the inducing stimuli and would not evoke the effect.
Our results showed that, although there was some evidence for activation in areas V1/V2, the most consistent activation was in the lingual and fusiform areas. This result is in agreement with earlier research in which color afterimages activated regions of the posterior fusiform gyrus (Sakai et al., 1995) , as well as other reports implicating lingual and fusiform gyri in color perception in humans. It appears that regions of the lingual and fusiform gyri are activated during the perception of color, whether that perception is due to the presentation of colored stimuli, afterimages of colored stimuli, or orientation-contingent color-aftereffects, as described here. The activation observed in lingual and fusiform gyri also parallels other research demonstrating that the fMRI signal in extrastriate cortex correlates with the perception of a visual aftereffect. In these experiments, perception of the motion aftereffect was correlated with activity in the V5/MT complex, an extrastriate area that has been implicated in the perception of motion (Tootell, Reppas, Dale, Look, Sereno, Malach, Brady, & Rosen, 1995) .
Although we found activation in those extrastriate areas that have been implicated in the perception of color, we found little evidence for activation correlated with the McCollough effect in areas V1/V2. It is true that in one subject we did see reliable activation associated with the McCollough effect in these regions, but overall the changes in activation we observed were much less reliable than those observed in the lingual/fusiform areas. The absence of a strong effect in areas V1/V2 was a bit surprising. The bulk of the evidence from psychophysical and neuropsychological studies would lead one to expect that these early visual areas would be activated when subjects experienced the McCollough effect. On reflection, however, perhaps the lack of reliable activation is not so surprising, after all. There are a number of reasons to think so. For one thing, the mechanisms in early visual areas that are crucial for producing the McCollough effect are probably operating on a spatial scale that is not well measured by fMRI, at least under the imaging conditions that we used. All the stimuli in our study, both the congruent and the noncongruent, were oriented gratings-patterns that are already powerful stimuli for driving activity in V1. Thus, any differences due to the McCollough effect would have to be superimposed on what are already high levels of activation. Another possibility that should be considered is that the adaptation that leads to the perception of the aftereffect may involve neural mechanisms that are not likely to produce differences in blood flowwhich, of course, is what is being measured indirectly by fMRI. As we will discuss in the next section, it is likely that the process of adaptation produces only subtle changes in the profile of the activity of the neural elements coding color and orienta-tion. We hope to address these issues in further research, including a study in which we will examine activation in V1, not only during the perception of the McCollough effect, but also during its induction. Nevertheless, this initial fMRI study on the McCollough effect has revealed a strong relationship between perception of the aftereffect and activation in the lingual and fusiform gyri-and has provided a hint, at least, that changes in activation are also occurring in areas V1/V2.
What Is ''Adapted'' during Induction of the McCollough Effect?
Although a great deal of evidence suggests that many aftereffects, including the McCollough effect, result from ''adaptation'' of low-level mechanisms in the cortical visual pathways, we have not described in any detail what such adaptation may mean at the level of neural circuitry. As discussed above, the nature of these changes will have important implications for studies using functional neuroimaging. To outline perhaps the most common explanation for aftereffects, suggested by Sutherland (1961) , consider the tilt aftereffect discussed above. After viewing a grating tilted to the right of vertical for a few minutes, subjects typically report that a vertical grating appears tilted slightly to the left (see also Blakemore, 1973) . It is proposed that for a particular sensory dimension, such as contour orientation, values on that dimension are represented by a group of neurons in the visual cortex that are ''tuned'' for different orientations. The tuning of these neurons is assumed to be broad, so that the tuning function of a particular neuron overlaps with those of other neurons responding maximally to similar orientations. It is further proposed that the joint pattern of activation of these neurons determines the subjective quality of the percept, the perceived orientation in this case. Finally, it is assumed that prolonged presentation of a particular stimulus, as happens in a typical aftereffect induction regime (i.e., staring at a tilted grating), differentially adapts this ensemble of neurons. Although the detailed nature of this adaptation is not well understood, it has often been suggested that adaptation produces a depression of sensitivity or a ''fatigue'' in those neurons that are most closely tuned to the induction stimulus (see, for example, Movshon & Lennie, 1979) . In the case of the tilt aftereffect, neurons tuned to orientations near and slightly to the right of vertical would be fatigued during the induction period. This depression in activity produces a shift in the distribution of activity in the population of neurons that code orientation and causes a vertical grating to be perceived as tilted to the left.
By analogy, it has been proposed that the McCollough effect is caused by the fatiguing of ''double duty'' units that code simultaneously for orientation and color (e.g., Houck & Hoffman, 1986; Sharpe, Harris, Fach, & Braun, 1991) . There is some evidence for such neurons in monkey striate cortex (e.g., Hubel & Wiesel, 1968; Leventhal, Thompson, Liu, Zhou, & Ault, 1995; Michael, 1978) . Such units would normally respond best to a particular combination of color and orientation.
Explanations of the McCollough effect based on fatiguing of simple neural elements have been criticized on several grounds. First, McCollough effects last far longer than could be expected from what is known of the physiology of single cells in the visual system. McCollough effects can last for hours, days, or weeks without complete dissipation (Riggs, White, & Eimas, 1974; Jones & Holding, 1975) , as can many ''simple'' aftereffects (for review, see Humphrey, 1998) . This is generally considered to be much longer than the fatiguing and recovery times of simple neural processes. A second criticism is that the rate of decay depends on the conditions of stimulation. The McCollough effect is preserved in the absence of stimulation (Jones & Holding, 1975; MacKay & MacKay, 1975) and the form of decay can be modified to some extent by pre-and postinduction exposure to achromatic gratings (Skowbo, 1988) . A third criticism is that, because there are many different types of contingent aftereffects, the number of such double-duty detectors would have to be prohibitively large (Harris, 1980 ; for review, see Durgin, 1996; Humphrey, 1998 Barlow, 1990 Barlow, , 1997 Humphrey, 1998; Savoy, 1984) . In the case of the McCollough effect, mechanisms that code for color and separate achromatic systems that code for orientation would be involved. On the basis of present understanding, however, it is unclear just where the color and form mechanisms underlying the McCollough effect reside. We have argued that the McCollough effect reflects changes at a low level of the visual system and have suggested that perhaps V1 has the requisite properties. It could be that the so-called ''blobs'' of V1 which, according to some research, contain a high proportion of color selective cells that are monocular and contain unoriented receptive fields (Livingstone & Hubel, 1984; Ts'o & Gilbert, 1988 ; but see Leventhal et al., 1995) serve as the color component, while other cells in V1 that are orientation and spatial frequency sensitive, but show a broadband response to wavelength, subserve the form component (Savoy & Gabrieli, 1991) . This would again place the locus for the production of the effect in V1. There is some recent research using single cell recording techniques, showing that V1 cells in macaque monkeys can adapt to at least some contingencies (Carandini, Barlow, O'Keefe, Poirson, & Movshon, 1997) . While the contingencies were between two different orientations, and not between color and orientation, the results are consistent with the proposal that V1 can subserve contingent aftereffects like the McCollough effect.
Of course, mechanisms that code for color and orientation exist beyond V1 and there is evidence that they maintain separation in extrastriate regions, as well (Deyoe, Felleman, Van Essen, & McClendon, 1994) . Van Essen and DeYoe (1995) have referred to the two streams that make up the occipitotemporal pathway as the ''blobdominated stream'' and the ''interblob-dominated stream.'' They propose that the blob-dominated stream might be specialized to represent surface characteristics of objects, such as texture and color information, while the interblob-dominated stream might be more specialized for dealing with form information (see also Allman & Zucker, 1993; Grossberg, 1987) . Induction of the McCollough effect would not only affect cells in V1, but the changes in visual processing produced by such adaptation would lead to modification of the signals sent to structures further downstream in the occipitotemporal pathways. It is presumably some of this activity in higher order visual areas that we are detecting in our fMRI study.
Whatever the mechanisms underlying contingent aftereffects might be, it seems likely that they serve some useful function. It has been proposed by a number of researchers that such changes in perception reflect a recalibration of the relationship between different stimulus dimensions (e.g., Barlow, 1990; Dodwell & Humphrey, 1990; Durgin & Profitt, 1996; Humphrey, 1998) . The recalibration mechanisms, which are thought to operate early in the cortical visual pathways, adjust the signals from neural elements coding independent stimulus dimensions when particular values on those dimensions are correlated more than they would (or should) be in the real world. Such ''spuriously'' high correlations might arise from time to time, as is the case during induction of the McCollough effect, and, for this reason, there would need to be mechanisms that can recalibrate the system to cope with these inflated correlations. Richard Gregory (1998, p. 149 ) put it well: ''The McCollough effect is a dramatic and experimentally useful phenomenon-illustrating how vision scales and adapts itself generally avoiding its own errors, to make sense of the world.''
CONSCIOUSNESS, V1, AND THE MCCOLLOUGH EFFECT
We have been marshaling evidence to suggest that the critical mechanisms for the induction of the McCollough effect are located early in the cortical visual pathway, specifically in V1. We have also suggested however, that the perception of the McCollough effect depends on mechanisms beyond V1. To use the terminology of Van Essen and DeYoe (1995) , the conscious perception of the color aftereffect probably depends on extrastriate mechanisms in the blob-dominated stream. In fact, our fMRI study indicates that such extrastriate activation may involve parts of the lingual and fusiform gyri.
The suggestion that even though McCollough induction modifies processes in V1, the perception of the aftereffect depends on activity in extrastriate regions is consistent with Crick and Koch's hypothesis (1995a,b; that V1 activity by itself is not sufficient for perception-although it is clearly necessary. Crick and Koch review a variety of evidence, including results of aftereffect studies, that is consistent with their hypothesis. For example, recent research by He and his colleagues shows that adaptation to contour orientation can also occur without awareness of the orientation of the adaptation gratings (He, Cavanagh, & Intriligator, 1996 He, Smallman, & McLeod, 1995) . Because these aftereffects are thought to be mediated by orientation-sensitive neurons in V1, the results imply that the neurons mediating visual awareness must be located past this stage. Some recent research also suggests that V1 neurons may respond to high temporal frequencies that we can't see (Gur & Snodderly, 1997) .
As we saw earlier, even though people with visual form agnosia cannot see orientation, they nonetheless experience the McCollough effect. This demonstrates that orientation selectivity is still operative in these individuals, but at a level that is inaccessible to conscious perception. There is evidence in at least some of the individuals that V1 is relatively intact; what appears to be damaged is the output to the temporal lobe that codes for orientation and form. To use the terminology of Van Essen and DeYoe (1995) once again, these individuals appear to have damage to the interblob dominated stream. Taken together, these observations are also consistent with the Crick and Koch hypothesis and suggest that, even though V1 can support the induction of an orientation-contingent aftereffect, it cannot by itself deliver the conscious perception of orientation.
The case of B.K. suggests, however, that although V1 neurons are likely to be adapted during McCollough induction, the actual ''read-out,'' or the neural activity that directly underlies the perception of the aftereffect, occurs at higher cortical levels, a conclusion that is consistent with the results of our fMRI study. It appears that some crucial circuits involved in perceiving the colors associated with the McCollough effect are damaged in B.K., since he fails to report a McCollough effect in his scotoma. B.K.'s lesion in areas V2/VP may have disrupted the connections between V1 and higher cortical areas, perhaps located in the fusiform and/or lingual gyri, that mediate the perception of color. All of this, of course, is highly speculative. As we mentioned earlier, B.K.'s case is a puzzling one, in that he still shows some sensitivity to color in his scotoma, suggesting that at least some color-coded input from the eye is reaching higher cortical areas.
In summary, the evidence we have reviewed suggests that the McCollough effect and other orientation-specific aftereffects reflect changes in the activity of cells at an early stage of the visual cortical pathways, probably in V1. But even though the mechanisms in V1 are necessary for the conscious perception of the McCollough effect, they are not sufficient-a proposal that we have argued is consistent with Crick and Koch's (1995a,b; hypothesis that the activity in primary visual cortex is not directly accessible to consciousness. The psychologist's microelectrode, it seems, is not only of use in the study of the principles of sensory coding, but may, like the neurophysiologist's microelectrode, be an important tool in the search for the neural correlates of consciousness.
